INTRODUCTION
Polyubiquitination is undoubtedly one of the most important post-translational modifications of proteins in eukaryotes. Aside from well-known roles in targeting substrates for proteasomal degradation and DNA repair, polyubiquitin (polyUb) chains also signal for critical cellular processes including cell cycle regulation, immunity, mitochondrial protein degradation, and even mRNA stability (Dikic and Dotsch, 2009; Pickart and Fushman, 2004) . The incredible diversity of signaling outcomes stems from the ability of ubiquitin (Ub) to form chains via isopeptide linkages between the 3-NH 2 group of any of the seven lysines (K6, K11, K27, K29, K33, K48, K63) on Ub and the C terminus of a second Ub; importantly, all of these linkages are present in the cell at varying levels of abundance (Xu et al., 2009) . It has been hypothesized that each of these different linkages imparts unique structural and dynamical properties on a polyUb chain, enabling the chains to be recognized differently by downstream receptor proteins . The well-understood functions of polyUb in proteasomal degradation and DNA repair are mediated by chains composed of K48 and K63 linkages, respectively. The cellular functions of the other, so-called non-canonical polyUb chains (linked via K6, K11, K27, K29, K33) are substantially less clear and are the focus of current research efforts.
Ubiquitination with K6-linked chains occurs on the BRCA1-BARD1 Ub ligase and its associated substrates, suggesting a link to DNA repair processes (Wu-Baer et al., 2010) . K11-polyUb may interact with the Npl4 adaptor protein during Drosophila development, among other roles associated with the mitotic phase in the cell cycle and ER-associated degradation (Meyer and Rape, 2014; Zhang et al., 2013) . Recent findings revealed mostly non-proteolytic roles for K27-, K29-, and K33-polyUbs. Ubiquitination with K33-linked chains regulates T cell receptor-z function by governing its phosphorylation and protein binding profiles (Huang et al., 2010) . K33-polyubiquitination also contributes to the stabilization of actin for post-Golgi transport (Yuan et al., 2014) . K29-polyUbs participate in growth and development-associated pathways (Wnt/b-catenin signaling), and are also implicated in regulation of mRNA stability via recognition by the adaptor protein UBXD8 (Fei et al., 2013; Zhou et al., 2013) . K27-linked chains are observed on mitochondrial trafficking protein Miro1 and slow down its degradation by the proteasome, therefore acting as a marker of mitochondrial damage (Birsa et al., 2014) . K27-and K33-polyUb chains are also implicated in the regulation of innate immunity (Arimoto et al., 2010; Birsa et al., 2014; Cao et al., 2015; Liu et al., 2014) .
Biochemical and structural studies of non-canonical polyUb chains have been hampered by the lack of linkage-specific Ub-conjugating enzymes needed to make the non-canonical linkages. However, recent studies have uncovered linkage-specific enzymes for K6 and K11, and structures have been determined for these chains (Bremm et al., 2010; Castañ eda et al., 2013; Hospenthal et al., 2013; Matsumoto et al., 2010) . Linkage semi-selective E3s combined with linkage-specific deubiquitinases (DUBs) were utilized to study K29-and K33-linked chains (Kristariyanto et al., 2015; Michel et al., 2015) . To our knowledge, to date no structures are available for K27-linked polyUb chains. Importantly, the dynamic nature of polyUb chains necessitates that they be characterized in solution .
Significant progress in chemical biology and incorporation of unnatural amino acids has permitted the development of chemical, non-enzymatic assembly methods (reviewed in Hemantha and Brik, 2013 ) including a strategy we developed that utilizes mutually orthogonal removable amine-protecting groups Alloc and Boc (Castañ eda et al., 2011a) . Using this strategy, here we made Ub 2 s consisting of every non-canonical Ub linkage (K6, K11, K27, K29, and K33) and examined them by nuclear magnetic resonance (NMR) spectroscopy and biochemical assays. We found that of all the chains, K27-Ub 2 stood out in that it exhibited the largest spectral perturbations and resisted deubiquitination. We therefore employed NMR, small-angle neutron scattering (SANS), and computational modeling to characterize Figure S1 .
the conformational ensemble and dynamics of K27-Ub 2 . We uncovered unique dynamical and functional properties of K27-Ub 2 chains which set them apart from all other previously characterized Ub 2 s. Furthermore, the structural features of K27-Ub 2 suggested unexpected binding preferences of this chain, which were verified experimentally.
RESULTS

Deubiquitination Assays Reveal Uniqueness of K27 among All Isopeptide Linkages
Fully natural K6-, K11-, K27-, K29-, K33-, and K48-Ub 2 s with native isopeptide linkages and free of any mutations (Figure S1A) were assembled using a nonenzymatic method (Castañ eda et al., 2011a) . K48-Ub 2 (for some measurements) and K63-Ub 2 were made enzymatically employing chain-terminating mutations (Varadan et al., 2002 . To assess whether deubiquitinases (DUBs) are able to disassemble Ub chains of non-canonical linkages (K6, K11, K27, K29, and K33), we screened each Ub 2 against six DUBs, representing different DUB families, including Cezanne, OTUB1, AMSH, USP2, USP5 (IsoT), and Ubp6 ( Figure 1 ). As expected, K11-specific Cezanne preferentially cleaved K11-Ub 2 chains, while K48-specific OTUB1 and K63-specific AMSH selectively cleaved K48-and K63-Ub 2 chains, respectively. Strikingly, linkage non-specific USP2, USP5, and Ubp6 were unable to disassemble K27-Ub 2 at all. K27 was the only linkage that resisted cleavage by USP5. USP2 and the yeast proteasome-associated DUB Ubp6 were also less effective at cleaving K29-Ub 2 . K27-Ub 2 also resisted disassembly by reconstituted proteasome lid core complex containing Rpn11 (Yu et al., 2015) . Furthermore, due to its resistance to cleavage by DUBs, K27-Ub 2 can act as a competitive inhibitor of DUB activity toward other linkages ( Figure S1 ). These observations that a wide range of DUBs had difficulty in processing K27-Ub 2 compared with all other Ub 2 s inspired us to investigate the structural and dynamical properties of this chain, with the goal of understanding what makes the K27-linkage differ from other linkages.
K27-Ub 2 Exhibits No Non-covalent Interdomain Contacts
We employed solution NMR spectroscopy to attain atom-specific information for each Ub 2 (Castañ eda et al., 2015) . 1 H-15 N NMR spectra were collected separately for each Ub unit (uniformly 15 N enriched) in K6, K11, K27, K29, K33, and K48-Ub 2 .
It turns out that each Ub 2 has a distinct NMR spectroscopic signature, and even 1D 1 H NMR spectra can be used to distinguish Ub 2 s of different Lys linkages ( Figure S2 ).
To distinguish between the two Ub units in Ub 2 , the Ub whose C terminus participates in the isopeptide linkage is termed distal, while the Ub that contributes the lysine side chain to the isopeptide bond is termed proximal ( Figure S2 ). Differences in NMR spectra between the distal or proximal Ub and monoUb were quantified as amide chemical shift perturbations (CSPs) (Figure 2A) . In all Ub 2 chains, the largest CSPs were observed for C-terminal residues 74-76 of the distal Ub, reflecting chemical modifications that accompany formation of the isopeptide bond. The other residues in the distal Ub are not directly affected by the chemical bonding to the proximal Ub. Therefore, we used CSPs in the distal Ub as indicators of non-covalent interactions between the Ub units in each Ub 2 . Our results suggest that, except for K6-and K48-Ub 2 , the non-covalent interdomain contacts in the rest of Ub 2 s are weak or transient, but nevertheless involve the hydrophobic surface patch (residues L8, I44, V70; Beal et al., 1996) of the distal Ub (Castañ eda et al., 2015) . Notably, the distal Ub in K27-Ub 2 exhibited the smallest CSPs of all the Ub 2 s studied. Figure S2 .
In contrast to the distal Ub, the proximal Ub of K27-Ub 2 showed strong CSPs (Figure 2A) , which were the largest and most widespread CSPs among all Ub 2 s. The presence of spectral perturbations in only one of the two Ub units within a chain was puzzling and triggered additional examination. In general, CSPs in the proximal Ub could be caused by: (1) non-covalent interactions with the distal Ub, (2) alteration in the electronic microenvironment arising from chemical modification of the isopeptide-linked lysine, and/or (3) changes to the 3D structure of the proximal Ub. We found that for most of the chains (except for K6-and K48-Ub 2 ) the proximal-Ub CSPs could be replicated in a monoUb variant containing Lys(Boc), a lysine derivative whose bond chemistry and charges at the N z mimic the isopeptide bond. This suggests that the large CSPs in the proximal Ub of these chains result primarily from the covalent (isopeptide) bonding and not from non-covalent interdomain interactions.
Structural Basis for the Observed Effects of K27 Modifications
Despite the large spectral differences between K27(Boc) Ub or the proximal Ub of K27-Ub 2 and wild-type (WT) Ub ( Figure 3A) , chemical shift index analyses indicate that the secondary structure of Ub was unaffected by the K27 modifications ( Figure S3 ).
We were surprised to observe the amide signals of E24 and G53 in the NMR spectra of K27(Boc) Ub and the proximal Ub of K27-Ub 2 , as these signals are typically not present in Ub spectra at these conditions ( Figure 3A) . Given this observation, we inspected backbone dynamics first in the K27(Boc) Ub variant by measuring 15 N transverse relaxation rates (R 2 ) for all backbone amides ( Figure 3B ). In WT Ub, only residues I23 and N25 exhibit elevated 15 N R 2 s, with signals of E24 and G53 exchange-broadened beyond detection. These residues are located either on the adjacent (to K27) turn of the a helix or in close spatial proximity (G53). The backbone dynamics in K27(Boc) Ub are drastically different ( Figures 3B and 3D) , with residues 23-25 exhibiting ''normal'' 15 N R 2 s, while amides in the C-terminal part of the a helix, as well as in residues 39, 43-45, 51-53, and 70, all exhibit elevated 15 N R 2 s and large CSPs.
These observations point to changes in the local dynamics on the microsecond-to-millisecond timescale in the vicinity of K27 in K27(Boc) Ub. As shown in the next section, these observations extend to the proximal Ub of K27-Ub 2 . What is the structural basis for the strong effect of K27 modifications? A detailed inspection of the microenvironment and contacts of K27 in WT Ub ( Figures 3C-3E) shows that in stark contrast with other lysines in Ub, which are solvent exposed, K27 is almost entirely buried (its solvent accessibility is <5% of that for Lys in a Gly-Lys-Gly tripeptide). Of all lysines in Ub, the 3-amine of K27 participates in the most hydrogen bonds (with Q41 and E52) and is the least mobile (the 3-NH 3 + has the highest S 2 axis order parameter, 0.71) (Esadze et al., 2011; Huang et al., 2014) . The CH 2 -rich component of the K27 side chain contributes significantly to Ub's hydrophobic core, through contacts with I23, P38, Q41, and L43. We surmise that, given K27's microenvironment, the neutralization of the positive charge of its 3-amine stemming from either the K27(Boc) substitution or isopeptide bond formation has a significant impact on the chemical shifts of nearby residues. Furthermore, the concomitant perturbations to the interactions involving K27 side chain would account for the changes in dynamics observed for K27(Boc) Ub and the proximal Ub of K27-Ub 2 . (Figure 4 ). The average longitudinal relaxation time T 1 (= 1/R 1 ) for secondary structure residues is 716 ± 50 ms for both Ubs, consistent with the expected T 1 for a molecular species of 17-20 kDa and suggesting that the two Ub units in K27-Ub 2 tumble together as a single entity rather than independent ''beads on a flexible string.'' As in other Ub 2 s, high order parameters (S 2 > 0.8) revealed that most residues in both Ubs of K27-Ub 2 are well structured, while near-zero or negative hetNOE values and low order parameters (S 2 $ 0) were only observed in the C-terminal residues of the proximal Ub, consistent with high flexibility of Ub's free C terminus . These data suggest that the K27-linkage did not result in new large-amplitude backbone motions on the picosecond-to-nanosecond timescale.
In general, compared with the proximal Ub, the C terminus of the distal Ub in K11-, K27-, and K48-Ub 2 is considerably rigidified (hetNOE >0.35) as a result of its tethering to the proximal Ub. In contrast to other Ub 2 s, C-terminal residues of the distal Ub in K27-Ub 2 exhibit 15 N R 2 rates similar to those in well-structured regions, and G75 and G76 have elevated ($0.55) hetNOE values (Figures 4B and 4E) . These data indicate that the C terminus of the distal Ub in K27-Ub 2 is more ordered than in the other Ub 2 s. Given the confined environment and almost negligible solvent accessibility of K27 (see above) and elevated order parameters for the distal Ub's C terminus, the interdomain mobility of K27-Ub 2 is likely significantly restricted compared with K11-and K48-Ub 2 .
The 15 N R 2 pattern in the proximal Ub was also distinct from K11-and K48-Ub 2 or WT monoUb but very similar to that seen for the K27(Boc) monoUb variant (compare Figures 4C and 4D with Figure 3B ). As in K27(Boc) Ub, residues 23-25 showed R 2 values similar to the average R 2 ( Figure 4C ), while elevated R 2 values were observed for residues 39, 43-45, and especially for 53 and 70 ( Figure 4D ), due to significant contributions from conformational exchange ( Figure S4 ). These data imply increased rigidity for the helical turn immediately preceding K27 in the proximal Ub of K27-Ub 2 and increased microsecond-to-millisecond motions in the b strand opposite K27.
Each Ub Unit Retains Its 3D Structure in K27-Ub 2
In light of the substantial amide CSPs and conformational exchange in the proximal Ub, we assessed the structure of each Ub unit in K27-Ub 2 by measuring (PDB: 1D3Z) and residues belonging to structured regions, we determined the alignment tensor for each Ub unit in K27-Ub 2 (Table S1 ). For both Ubs there was excellent agreement between experimental RDCs and those back-calculated from the monoUb structure using the derived alignment tensor ( Figure 5A ). Importantly, these results indicate that the 3D structure of the Ub units is unaffected by the isopeptide linkage at K27.
Average Single-Snapshot Structures of K27-Ub 2 from RDCs and 15 N Relaxation Data The similarity between the distal and the proximal Ubs in the overall range of RDCs ( Figure S5 ) and in the alignment tensors (Table S1 ) suggests that the two Ub units in K27-Ub 2 orient together essentially as a single entity. We therefore used RDCs and 15 N relaxation data to determine single-structure representations of K27-Ub 2 . The RDC-derived structure that best reproduces the RDC data for both Ub units taken together ( Figure 6A ) provides a strong agreement between the experimental and back-calculated RDCs ( Figure 5C ), with the r (0.99) and Q (0.10) values nearly as good as for the individual Ub units in K27-Ub 2 ( Figure 5A and Table 1 ). This suggests that, despite the lack of major interfacial Ub/Ub contacts, a singlestructure representation is capable of capturing some major RDC-relevant features of interdomain orientations in K27-Ub 2 . This is in stark contrast with K11-Ub 2 and K48-Ub 2 , where a single RDC-derived structure could not reproduce well the experimental RDCs for both Ubs taken together (Berlin et al., 2013; Castañ eda et al., 2013) . Combined with the elevated hetNOEs and order parameters of the distal-Ub C terminus, these results imply that K27-Ub 2 is the least flexible of the Ub 2 s studied thus far.
The single-structure representation of K27-Ub 2 derived from 15 N relaxation data ( Figure 6B ) also provides a good agreement between experimental and back-calculated data (ratio of relaxation rates, r) ( Figure 5D and Table 1 ). Remarkably, essentially the same Euler angles (a, b) were obtained for the alignment and diffusion tensors (Table S1 ), indicating similar average interdomain orientations sensed by the RDCs and the 15 N relaxation data. Indeed, the K27-Ub 2 structures constructed from these two sets of data are very similar ( Figures 6A and 6B ) except for rotations about the g angle (Table S1 ). As further evidence of the similarity between the two sets of structures, the RDC values back-calculated using the relaxation-derived structure are in good agreement with experimental RDCs (Table 1 ). The close agreement between the measurements of physically different phenomena (alignment versus diffusion) provides strong support for the structural data obtained here.
Perhaps the most intriguing feature of the derived structures of K27-Ub 2 ( Figures 6A and 6B ) is the positioning of the hydrophobic patches of the two Ub units, which could allow simultaneous interaction of both Ubs with a receptor. Curiously, some of these derived structures resemble the open conformation of K48-Ub 2 in complex with the UBA2 domain of hHR23a (compare Figures  6B and 6F) . It is surprising that the two chains can adopt similar conformations despite the substantial difference in the location of the conjugation site on the proximal Ub, namely, the b-sheet face in K48-Ub 2 versus the a helix in K27-Ub 2 .
Conformational Ensembles of K27-Ub 2 Despite reduced interdomain mobility compared with other Ub 2 s, K27-Ub 2 is not fully rigid. Given the transient nature of non-covalent interdomain contacts, it is natural to anticipate some degree of interdomain mobility in this chain. Indeed, the backbone flexibility of the Ub-Ub linker (residues 72-76 of the distal Ub) is comparable with that in flexible loops (e.g. residues 7-11) ( Figure 4A ). In addition, although both Ubs reported similar t c values (Table S1 ), the actual range of the observed r values for the proximal Ub was noticeably narrower than for the distal Ub ( Figure 5B ). These observations point to averaging by interdomain motions on a timescale comparable with or faster than the overall tumbling. (Table S1 ). The structures were determined using PATIDOCK (Berlin et al., 2010) (A) or ELMDOCK (Berlin et al., 2011) (B) . Two structures are shown for each (differing by 180 rotation of the proximal Ub) due to orientational degeneracy of RDCs and relaxation rates Figure S6 .
We therefore asked whether considering multiple conformations of K27-Ub 2 instead of a single structure could further improve agreement with our experimental data. We used the sparse ensemble selection (SES) method (Berlin et al., 2013; Castañ eda et al., 2015) to determine representative conformational ensembles for K27-Ub 2 from a starting set of 23,000 sterically allowed structures of the chain, generated in silico using SASSIE (Curtis et al., 2012) (Figure S6 ).
The SES analysis revealed that consideration of two conformers improves significantly the agreement between experimental and predicted RDCs for K27-Ub 2 ( Figure 5E ). Only marginal improvement was seen beyond two conformers, and therefore we did not consider larger ensembles ( Figure 5F ). When a single-conformer ensemble is considered, the best agreement between experimental and predicted RDCs gives r = 0.97 with Q = 0.16 (see also Supplemental Information).
For the two-conformer ensembles, the agreement between experimental and predicted RDC data for both distal and proximal Ubs taken together is as good as when Ubs are considered individually (compare Figure 5F with Figure 5A ). Our analysis revealed at least three ensemble clusters, with the major conformer in each ensemble accounting for 63%-70% of the total population ( Figure 6D) . Notably, the major conformer in all of these ensembles has interdomain orientation similar to the RDC-derived and 15 N relaxation-derived structures, as well as the one-conformer SES ensembles ( Figures 6A and 6B ). In all major conformers the two Ub units are oriented with their hydrophobic patches toward each other and at least 10 Å apart (indicative of the absence of a Ub/Ub interface, in line with almost negligible distal-Ub CSPs). These major conformers are related to each other by a 180 rotation of the proximal Ub about the horizontal axis. Similarly, the minor states of these ensembles are related by a 180 rotation about the vertical axis. Both cases are likely a consequence of the orientational degeneracy inherent in RDCs, i.e. the inability to distinguish directionality of the alignment tensor axes (z versus Àz, etc.) . Therefore, we conclude that all three sets of conformational ensembles are indeed related to each other.
To further test the conformational ensembles determined by SES, we compared the population-weighted predicted SANS profiles for these ensembles with the experimental data for K27-Ub 2 . The overall agreement was good already for the oneconformer solutions, and improved slightly for the twoconformer ensembles ( Figures 6E and S6 ). Thus we conclude that SANS data generally validate the conformational ensembles determined here.
Can K27-Ub 2 Recognize UBA2 in a Manner Similar to K48-Ub 2 ? Together, our structural and conformational analyses suggest that K27-Ub 2 is capable of adopting a conformation where the hydrophobic patches of both Ubs face each other, for at least part of the time (Figures 6A-6D) . Interestingly, this arrangement is reminiscent of the conformation that K48-Ub 2 adopts when it forms a sandwich-like complex with the UBA2 domain of hHR23a ( Figure 6F) , in which the UBA2 interacts with the hydrophobic patches of both Ubs simultaneously . Therefore, we hypothesized that K27-Ub 2 might interact with the UBA2 domain in a similar manner. To test this hypothesis we conducted NMR titration studies of K27-Ub 2 binding to UBA2.
To our surprise, strong signal attenuations, indicative of tight binding, were observed in many residues (7, 8, 43, 46, 47, 48, 50, 68) in the proximal domain of K27-Ub 2 early in the course of its titration with UBA2 ( Figure 7A ). This behavior is reminiscent of UBA2 binding to K48-Ub 2 . A comparison of UBA2-induced changes in K27-Ub 2 spectra with those of K11-Ub 2 and K48-Ub 2 under nearly identical titration conditions revealed that the K27-Ub 2 signals indeed behave more similarly to K48-Ub 2 than to K11-Ub 2 signals. Just as in K27-Ub 2 , signals of residues 7, 8, 46, and 47 of the K48-Ub 2 's proximal Ub attenuated strongly during the course of the titration. Note in this regard that no signal attenuations were observed for K11-Ub 2 or K63-Ub 2 which showed weaker affinity for UBA2 Varadan et al., 2004) .
Spectral perturbations in K27-Ub 2 upon titration with UBA2 are consistent with the involvement of the hydrophobic patch residues from both Ubs in the interactions with UBA2 ( Figures  7B and 7C ). Of importance are also large CSPs and signal attenuations in the C terminus of the distal Ub, suggesting that the Ub-Ub linker participates in UBA2 binding ( Figure S7H and S7I). Significant perturbations were also detected in several residues in the a helix and strands b3-b5 of the proximal Ub that were affected by formation of the K27 isopeptide linkage (Figure 2) ; these CSPs likely reflect a rearrangement around K27 and/or changes in local dynamics upon UBA2 binding.
On the UBA2 side ( Figure 7D ) a number of significant CSPs and signal attenuations were detected, supporting strong binding between UBA2 and K27-Ub 2 . Uniquely, UBA2 resonances for residues 344, 346, and 358 were perturbed in a manner similar to that when UBA2 was titrated with K48-Ub 2 (Table S3) . Importantly, the observed perturbations map to both faces of the UBA2 domain ( Figure 7E ), further suggesting that a single UBA2 molecule interacts with both Ub units of K27-Ub 2 simultaneously and in a bidentate binding mode, akin to that for K48-Ub 2 .
The dissociation constant (K D ) was determined from the titration curves for both Ubs of K27-Ub 2 and for UBA2 on a per-residue basis ( Figure 7C ). Assuming a 1:1 stoichiometry of binding, the K D was 42 ± 8 mM for the proximal Ub (Table S4 ) and 63 ± 17 mM for the distal Ub. A 2:1 binding model was also tested, but the fit was poor and the residuals showed systematic deviations. For residues in UBA2 the estimated K D was 6 ± 6 mM; this value should be treated as approximate as we did not attain saturation by the end of the titration (see Figure 7) . In support of the 1:1 stoichiometry, the average T 1 at titration endpoint for residues in secondary structure was 941 ± 67 ms, consistent with the expected size of such complex . Overall, these and RDCs back-calculated from NH vectors using singular value decomposition (SVD). For Pred-RDC, the agreement is calculated between experimental RDCs and RDCs predicted directly from structure using PATI (Berlin et al., 2009 ). b Pearson's correlation coefficient. c Quality factor for RDCs (Clore and Garrett, 1999) or 15 N relaxation data (Ghose et al., 2001) . Lower Q means better agreement. d Structures labeled ''aligned tensors'' were obtained by orienting the two Ubs such that the corresponding axes of the alignment tensors (RDC) or diffusion tensors ( 15 N relaxation) reported by each Ub analyzed separately were parallel to each other . e Structures labeled ''angle-optimized'' were generated using ELMDOCK (Berlin et al., 2011) (for 15 N relaxation data) or PATIDOCK (Berlin et al., 2010) (for RDC data) to obtain the best agreement between the experimental and predicted relaxation or RDC data for both Ubs taken together. data indicate that UBA2 binds K27-Ub 2 preferentially over K11-Ub 2 (150-200 mM) (Castañ eda et al., 2013), K63-Ub 2 (180-280 mM) , and monoUb ($300-600 mM) (Mueller et al., 2004; Raasi et al., 2005) , and comparably with or somewhat weaker than K48-Ub 2 (8-20 mM) .
Encouraged by these findings, we performed paramagnetic spin-labeling experiments to further map the interactions between UBA2 and K27-Ub 2 . A nitroxide spin label, 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl methanesulfonate (MTSL), was attached to C344 of UBA2, and its effects on K27-Ub 2 were examined using NMR. Paramagnetic relaxation enhancement (PRE) was detected in both Ubs, indicative of close distances between K27-Ub 2 and UBA2. Particularly strong PREs (signals wiped out) were observed in and around the hydrophobic patch residues. Notably, the PRE effects on the distal Ub were different from those for the proximal Ub, particularly for residues 25-42 ( Figure 8A) . From the PRE data we reconstructed the position of the spin label's unpaired electron relative to each Ub unit separately. The results show that the spin label is located somewhat closer to the distal than to the proximal Ub. The backcalculated PRE profiles are in excellent agreement with experimental data ( Figure 8A ). However, we found that the resonances for K6, T7, L8, I44, and V70 of the proximal Ub and G75 and G76 of the distal Ub shifted by a maximum of 0.1 ppm in the 1 H dimension, whereas signals of L8, V70, and L71 of the distal Ub did not reattain full intensity after the spin label was reduced. After MTSL was cleaved from C344 of UBA2 (using tris(2-carboxyethyl)phosphine), the Ub signals returned to their positions as seen previously. The overall similarity of the CSPs and signal attenuations in the proximal Ub before and after MTSL cleavage from UBA2 suggests that binding equilibrium and structure may have been affected slightly, but not dramatically (A) Overlay of 1 H-15 N NMR spectra of the proximal Ub at three titration points (blue = start, yellow = middle, red = endpoint) for K11-Ub 2 , K27-Ub 2 , and K48-Ub 2 .
(B) CSPs in the distal or proximal Ubs of K27-Ub 2 at the endpoint of titration with unlabeled UBA2. Significant attenuations are denoted by gray bars. Note that none of the residues that attenuate in the proximal Ub exhibit conformational exchange in the ligand-free Ub 2 (except for L43). CSPs were mapped (right) onto a SASSIE-generated K27-Ub 2 conformation. by the presence of MTSL ( Figure S7G ). In fact, a titration using UBA2 with reduced MTSL showed a slight decrease in binding affinity (K D $ 77 ± 21 mM) for residues in the proximal Ub. These observations implicate C344 as a residue near the binding interface between UBA2 and K27-Ub 2 . Given the PRE pattern for K27-Ub 2 , we asked whether any conformer in the 23,000-member SASSIE ensemble of K27-Ub 2 was consistent with the PRE data, assuming a single spin-label position. The conformer that agreed best with the PRE data is shown in Figures S7A and S7B . The back-calculated PRE profile for both Ubs taken together is in excellent agreement with experimental PRE data; it is nearly indistinguishable from the agreements for each individual Ub analyzed separately. Importantly, this conformer supports a binding model in which the hydrophobic patches of both Ubs interact with UBA2 in a sandwich-like mode, similarly to the K48-Ub 2 -UBA2 interaction . However, the structure of K48-Ub 2 :UBA2 complex is inconsistent with our experimental PRE data for K27-Ub 2 (Figures S7C and S7D) . Given these observations, we set out to determine a structural model of the K27-Ub 2 :UBA2 complex.
Structural Model of K27-Ub 2 Complex with UBA2
We used the biomolecular docking program HADDOCK (de Vries et al., 2010 ) to obtain models of the K27-Ub 2 :UBA2 complex us- ing the CSP and PRE data accrued here as intermolecular NMR constraints (Table S5). The highest-scoring HADDOCK cluster is shown in Figure 8C ; its agreement with experiment is depicted in Figures 8B, S7E , and S7F. The back-calculated PREs are in strong agreement with the experimental data (almost as good as for individual Ubs treated separately), and the reconstructed location of the spin label is near the site of spin label's attachment to UBA2 (C344). The docked structures of K27-Ub 2 in complex with UBA2 ( Figures  8C and 8E ) are similar to the one ( Figure S7B ) extracted from the K27-Ub 2 SASSIE ensemble.
Our NMR-based model of the K27-Ub 2 :UBA2 complex provides a molecular basis for understanding UBA2's stronger affinity for K27-Ub 2 over monoUb and K11-and K63-Ub 2 . In the UBA2-bound conformation of K27-Ub 2 , the hydrophobic surface patches on both Ubs form an extended hydrophobic surface shaped as a pocket that accommodates UBA2. This enables a number of polar and hydrophobic contacts between UBA2 and K27-Ub 2 . UBA2 is positioned such that its helix a3 sits in the hydrophobic pocket where it contacts both Ubs. Noteworthy, UBA2's contacts with the proximal Ub resemble those in the monoUb:UBA2 complex (Mueller et al., 2004) in that UBA2's helices a1 and a3 and the a1/a2 loop face the proximal Ub ( Figure 8D) . Importantly, UBA2's residues 344-346, and 358, which exhibit unique CSPs upon addition of K27-Ub 2 , reside at the interface between UBA2 and the distal Ub ( Figure 8E ).
To test the validity of this model, we engineered a K27-Ub 2 variant whereby we introduced mutations (L8A + I44A) in the hydrophobic patch of the distal Ub. Via NMR titration experiments, we observed effects on UBA2 and the proximal Ub simultaneously ( Figures 8F, S8 , and S9). As expected, the binding affinity was reduced compared with WT K27-Ub 2 (K D of 70 ± 7 mM for residues in the proximal Ub) ( Figure S8 ). Weaker binding is also supported by the absence of strong signal attenuations in almost all residues of the proximal Ub. Importantly, the largest perturbations localized to the parts of the complex next to L8 and I44 of the distal Ub. In UBA2, residues 344-349 exhibited the largest reduction in CSPs in comparison with WT K27-Ub 2 ; these residues face I44 in our model. Residues 344, 346, 351, and 359 all titrated with different trajectories; each of these face either L8 or I44 of the distal Ub in the complex (Figures 8F and S9) . Notably, residues 44-49 in the proximal Ub were substantially affected by the distal Ub substitutions (Figures S8 and S9) , consistent with the location of these residues in a loop that directly abuts L8 of the distal Ub. For example, the amide resonance of I44 does not move at all in WT K27-Ub 2 , but shifts substantially in the L8A + I44A variant ( Figure S9) . Together, these mutagenesis data are consistent with our model of the UBA2 complex with K27-Ub 2 .
To further validate our model of the complex, we positioned MTSL on a Cys (C77) introduced at the C terminus of the proximal Ub of WT K27-Ub 2 via native chemical ligation. The observed PREs localized to one surface of helices a2 and a3 in UBA2, and to the hydrophobic patch of the distal Ub facing these helices ( Figures 8E and S10 ), as well as to the C terminus of the distal Ub, all located in the vicinity of the C terminus of the proximal Ub in the complex. Thus, by and large, the mutagenesis and spin-labeling data support the proposed model of the K27-Ub 2 :UBA2 complex. However, given that the structures obtained here were derived from limited experimental data, they should be treated as low-resolution models of the complex.
Although K27 and K48 are located on opposite sides of Ub, the UBA2-bound conformation of K27-Ub 2 is very similar to that of K48-Ub 2 in complex with UBA2 ( Figure 9 ). Similarly to K48-Ub 2 :UBA2 complex, UBA2's helix a3 is positioned in the hydrophobic pocket, thus contacting both Ubs. However, the actual orientation of UBA2 differs by almost 180
: in the case of K48-Ub 2 helices a1 and a2 face the distal Ub while helix a2 on the back side of UBA2 faces the proximal Ub.
DISCUSSION
The K27 linkage remains the only (as yet) structurally uncharacterized linkage found in polyUb chains. In general, little is known about K27-linked polyUb chains and the biological signals they elicit in the cell. In this work we have addressed the dearth of structural data for K27-linked polyUb chains, particularly in the context of all Ub 2 chains, and placed the implications of these observations in a functional perspective.
Of all seven lysines in Ub, K27 is the least solvent accessible, is the most ordered, and is involved in several hydrophobic contacts and hydrogen bonds. These features, combined with perturbations to K27's microenvironment upon isopeptide bond formation, may have major implications for the signaling mechanisms involving K27-linkage, including polyUb formation, molecular recognition of this chain type, and cleavage by DUBs. In fact, position 27 in Ub is sensitive to mutations: point mutations of K27 in Ub can cause growth defects in yeast, and only a small number of amino acid substitutions are tolerated at this position (Roscoe et al., 2013) . Here we demonstrated that disruption to K27's microenvironment by the isopeptide linkage produces large changes in NMR spectra of the proximal Ub in K27-Ub 2 . Importantly, the overall structure of the proximal Ub is intact but backbone dynamics are altered, primarily for residues around K27. Our conclusion is also corroborated by a recent structural study of the so-called K0 Ub variant commonly used in biological assays (Huang et al., 2014) . In that variant, all lysines (including K27) are replaced with arginines, resulting in large NMR spectral changes, but largely unaffecting the overall structure and dynamics of Ub.
Interestingly, K27 plays important roles beyond chain linkage in other proteins similar to Ub. Nedd8, a Ub-like modifier protein whose conjugation to target proteins elicits unique biochemical signals in the cell, mirrors Ub structurally and contains many of the same lysines (K6, K11, K27, K33, and K48). Just as in Ub, K27 is the least solvent-accessible lysine in Nedd8. Although K27 in Nedd8 is not known to participate in chain conjugation, it plays an important role in the mechanism of protein neddylation (Sui et al., 2015) : with a K27R substitution, Nedd8 can no longer be conjugated to its target substrates.
We found that the Ub-Ub linker of K27-Ub 2 confers unique properties to this polyUb chain. The C-terminal residues G75-G76 in the distal Ub are more ordered than in other Ub 2 chains. Combined with K27's low solvent accessibility, this makes the Ub-Ub linker the least mobile and least accessible of all polyUb chains. This may explain why K27-Ub 2 was not cleaved by any of the DUBs assayed here, especially USP2 and USP5, which were capable of cleaving all other lysine linkages (Figure 1 ). These results are consistent with prior observations with USP2 treatment of the ubiquitinated proteome (Kim et al., 2011) . Only two DUBs (OTUD2 and OTUD6A) are known to cleave K27-Ub 2 chains, although these DUBs are not K27 specific; they also cleave K29-and K33-Ub 2 s (Mevissen et al., 2013) .
To date no binding partners are known to specifically interact with K27-linked polyUb. Therefore, the mechanisms by which these chains interact with receptor proteins are unknown. Based on our structural/conformational analyses, we hypothesized that K27-Ub 2 can utilize hydrophobic patches on both Ubs to interact with a target receptor in a bidentate manner, analogous to how K48-Ub 2 binds the UBA2 domain from the proteasomal shuttle protein hHR23a . Our binding studies confirmed this prediction. With an affinity for UBA2 near to that of K48-Ub 2 , K27-Ub 2 stands apart from monoUb or K11-Ub 2 and K63-Ub 2 . Our model of the K27-Ub 2 :UBA2 complex (Figure 8) suggests that UBA2's increased affinity for K27-Ub 2 could arise from the interactions it makes with both Ubs simultaneously, due to the sandwich-like arrangement of the binding partners. The NMR titration data also revealed that the Ub-Ub linker in K27-Ub 2 is affected by UBA2 binding, and the CSPs are significantly stronger than in K11-Ub 2 ( Figures S7H and  S7I ) or K63-Ub 2 . This could be a result of direct interaction between the linker and UBA2 or a consequence of domain rearrangement upon complex formation. Note, however, that the K27-Ub 2 :UBA2 complex is distinct from the K48-Ub 2 :UBA2 complex (Figure 9 ). Not all contacts are similar, particularly for helices a1 and a3 and residues on the back side of UBA2 (C344, K346). The extended hydrophobic pocket accommodating UBA2 in K27-Ub 2 appears less deep than in K48-Ub 2 , resulting in a lesser buried surface area (1,450 versus 2,600 Å 2 ). These differences might explain the differences in the affinity of the two chains for UBA2. It should be pointed out here that the differences in the UBA2 binding contacts within the sandwich-like complexes with K27-Ub 2 and K48-Ub 2 exemplify the versatility of possible polyUb-receptor interactions depending on or shaped by the linkage type.
The finding that a UBA domain of hHR23a, a protein also involved in DNA damage recognition, has binding preference for K27-Ub 2 might suggest a role for K27-linked chains in DNA repair. Although no interaction has yet been reported between K27-polyUb and hHR23a or its yeast homolog Rad23, recent evidence implicates K27-linked Ub chains in the DNA repair pathway (Gatti et al., 2015) . RNF168, an E3 ligase known to participate in chromatin ubiquitination, builds K27-linked chains, and these chains directly interact with proteins in the DNA double-strand repair pathway, particularly the tandem UIMs of Rap80, the UDR domain of 53BP1, and RNF169, which also bind K63-linked chains (Gatti et al., 2015; Sims and Cohen, 2009) . Intriguingly, some of the less-populated conformers of K27-Ub 2 have the hydrophobic patches of both Ubs arranged in an extended manner resembling the structure of K63-Ub 2 in the Rap80 bound state (Figures 6D and 6F) . We can speculate that, similar to K63 chains, such an extended conformation might enable avid interaction of K27 chains with tandem UIMs of Rap80.
A comparison of the structures of free and UBA2-bound K27-Ub 2 ( Figure 9C ) illustrates the role of conformational flexibility of this chain and suggests that it might be capable of binding/accommodating other UBAs (or small compact proteins) in a similar manner. Despite the scarcity of data on functional roles of K27-linked chains and their recognition by receptors, we found a few recent examples in the literature where such interactions might be relevant. For example, NEMO, a modulator of nuclear factor kB (NF-kB) activation, is modified by K27-linked Ub chains at different lysines, each affording a different biological outcome (Arimoto et al., 2010; Liu et al., 2014) . A recent study revealed recognition of NEMO's K27-linked ubiquitination by a UBA domain of Rhbdd3 , a rhomboid membrane protein serine protease. This UBA interacts with K27-linked Ub chains on NEMO, ultimately leading to inhibition of the Toll-like receptor-triggered activation of NF-kB and also inhibition of interleukin-6 production. There is only 21% sequence identity (29% sequence similarity) between hHR23a UBA2 and Rhbdd3 UBA. However, the Rhbdd3 UBA equivalents of hHR23a UBA2 residues 327 and 330-332, known to interact with Ub (Figure 8 ; Mueller et al., 2004) , are conserved. It is tempting to speculate that Rhbdd3's UBA domain may interact with K27-linked Ub chains in a manner similar to that found here for hHR23a UBA2.
The structural and dynamic properties of K27-Ub 2 set it apart from other Ub chains. Much remains to be determined concerning the mechanisms by which this chain is built, recognized by receptor proteins, and disassembled into Ub monomers. Our results demonstrate that although K27-Ub 2 exists in open conformations in solution with no defined Ub-Ub interface (in contrast to K48-Ub 2 or K6-Ub 2 ), the flexibility of the linker allows this chain to adopt conformational states that enable concerted interactions of both Ubs with a ligand. We find it remarkable that the conformational ensembles derived from NMR data allowed us to predict an unanticipated binding mode and binding partner, which were then confirmed experimentally. From our studies, it appears that K27-linked Ub 2 chains are versatile in their ability to be recognized by various downstream receptor proteins. We anticipate that these findings will lead to further studies of the mechanisms of how K27-linked polyUb chains are recognized by other proteins.
EXPERIMENTAL PROCEDURES Preparation of Proteins
Ub variants containing Lys(Boc) substitutions were expressed and purified as described by Castañ eda et al. (2011b) . Ub 2 constructs were assembled as detailed elsewhere (Castañ eda et al., 2011a; Varadan et al., 2002 Varadan et al., , 2004 . See Supplemental Experimental Procedures for further details.
DUB Assays
Deubiquitinase assays were performed using 25 mM Ub 2 in PBS buffer (pH 7.4) at 30 C, except for the Ubp6 assay which used 50 mM Ub 2 . DUB concentrations were 1 mM (IsoT/USP5, OTUB1, USP2), 250 nM GST-Cezanne, 5 mM GST-AMSH, or 8 mM Ubp6. For each assay, aliquots were taken at 1, 2, 4, and 20 hr, quenched with 53 loading dye, and frozen at À20 C until ready to be run on a 15% SDS-PAGE gel. DUB inhibition assays were performed as detailed in Figure S1 . (Hall and Fushman, 2003) . The ratio r of relaxation rates was determined for each residue as r = (2R 2 0 /R 1 0 -1) À1 , where R 1 0 and R 2 0 are modified longitudinal (R 1 ) and transverse (R 2 ) 15 N relaxation rates with the high-frequency contributions subtracted . Site-directed spin labeling was achieved by attaching the nitroxide paramagnetic spin label (MTSL) to C344 of hHR23a UBA2 or to C77 introduced in the proximal Ub of K27-Ub 2 . PRE effects were quantitated as the ratio (I/I 0 ) of the signal intensities in the 1 H-15 N heteronuclear single-quantum coherence (HSQC) spectra recorded with MTSL in the oxidized (I) and reduced (I 0 ) states.
NMR Experiments
Conformational Ensemble Analysis
We employed SASSIE (Curtis et al., 2012) to generate structural ensembles for K27-Ub 2 . 30,000 trial structures were generated for K27-Ub 2 . Monte Carlo moves about the f/c backbone torsion angles were permitted only for residues 72-76 of the distal Ub. Trial structures were rejected if there were C a -atom steric clashes within 3 Å . This yielded approximately 23,000 sterically allowed structures. For analyses of experimental data using these structures, the solution structure of monoUb (PDB: 1D3Z) was superimposed on the distal and proximal Ubs using residues 1-71 and 1-72, respectively. The conformation of the linker was the same as in the conformer's structure. The implementation of SES for RDC-based analysis of these structures is detailed in Supplemental Experimental Procedures. Further details on the procedures and analyses are provided in the Supplemental Information. 
